The 13 C isotopic ratio of methane, d 13 C of CH4, provides additional constraints on the CH4 budget to 16 complement the constraints from CH4 observations. The interpretation of d 13 C observations is complicated, however, 17 by uncertainties in the methane sink. The reaction of CH4 with Cl is highly fractionating, increasing the relative 18 abundance of 13 CH4, but there is currently no consensus on the strength of the tropospheric Cl sink. We use a set of 19 GEOS global model simulations with different predicted Cl fields to test the sensitivity of the d 13 C of CH4 to the 20 diversity of Cl output from chemical transport models. We find that d 13 C is highly sensitive to both the amount and 21 geographic distribution of Cl. Simulations with Cl providing 0.28% or 0.66% of the total CH4 loss bracket the d 13 C 22 observations for a fixed set of emissions. Thus, even when Cl provides only a small fraction of the total CH4 loss and 23 has a small impact on total CH4, it provides a strong lever on d 13 C. The geographic distribution and seasonal cycle of 24 Cl also impacts the hemispheric gradient and seasonal cycle of d 13 C. The large effect of Cl on d 13 C compared to total 25 CH4 broadens the range of CH4 source mixtures that can be reconciled with d 13 C observations. Stronger constraints 26 on tropospheric Cl are necessary to improve estimates of CH4 sources from d 13 C observations.
describes the modeling framework. We present results for total CH4 and its isotopic composition compared to surface 73 observations in Section 3, and discuss the implications for the global CH4 budget in Section 4. 
78
We simulate atmospheric methane with the Goddard Earth Observing System (GEOS) global earth system model 79 (Molod et al., 2015; Nielsen et al., 2017) . The model has 72 vertical levels extending from the surface to 1 Pa. We 80 conduct simulations at C90 resolution on the cubed sphere, which corresponds to approximately 100 km horizontal 81 resolution. The simulations' meteorology is constrained to the MERRA-2 reanalysis (Gelaro et al., 2017) using a 82 "replay" method (Orbe et al., 2017) . The GEOS replay agrees well with the tropospheric mean age of the GMI CTM 83 (Orbe et al., 2017) , which shows reasonable agreement with the age derived from SF6 observations, albeit with an old 84 bias in the southern hemisphere (Waugh et al., 2013) . We thus expect the simulated interhemispheric transport time 85 to be reasonable.
86
The GEOS CH4 simulation can be interactively coupled to CO and OH (Elshorbany et al., 2016) , or run 87 independently with prescribed OH fields. We take the latter approach in this study, since this approach is able to 88 capture many of the observed variations in atmospheric methane (Elshorbany et al., 2016) . We prescribe the OH field 89 following (Spivakovsky et al., 2000) , but modify the OH to be approximately 20% higher in the Northern Hemisphere 90 than the Southern Hemisphere, consistent with the OH field produced by many global atmospheric chemistry models 91 (Naik et al., 2013; Strode et al., 2015) . We also include stratospheric losses for CH4 from reaction with OH, Cl, and 92 O 1 D. These fields are prescribed from output of the Global Modeling Initiative (GMI) chemical transport model 93 (https://gmi.gsfc.nasa.gov) (Strahan et al., 2007; Duncan et al., 2007) .
94
We implement the CH4 isotopes in GEOS by separately simulating 13 CH4 and 12 CH4 tracers. We then calculate 95 total CH4 as the sum of the two carbon isotopologues and calculate d 13 C of CH4 in per mil using the standard definition:
(1)
97
where Rstd=0.112372 is the peedee belemnite isotopic standard (Craig, 1957) . The reaction rates for CH4+OH,
98
CH4+Cl, and CH4+O 1 D differ between the 12 CH4 and 13 CH4 simulations to account for the kinetic isotope effect (KIE).
99
In particular, we assume a values of 0.987 and 0.938 for CH4+O 1 D and CH4+Cl, respectively (Saueressig et al., 1995; Saueressig et al., 2001) . Our standard simulation uses aOH = 0.9946 (Cantrell et al., 1990) .
100
accounting for 2.5% of CH4 loss. Finally, we conduct a fourth sensitivity simulation, SimMBL, which modifies the 147 Cl over the oceans at altitudes below 900 hPa ( Fig. 3d ) to reflect the marine boundary layer distribution suggested by 148 (Allan et al., 2007) . This Cl field is described by the following equation:
149 Cl_MBL = 18*10 3 atoms/cm 3 * (1 + tanh(3l)*sin(2p*(t-90)/365)) (2)
150
where l is latitude in radians and t is the day of the year. Elsewhere SimMBL uses the Cl field from SimStd. This 151 simulation has the highest percent of CH4 loss occurring via Cl: 3.9%.
152
We designed the sensitivity experiments to alter the isotopic composition of CH4 without greatly affecting (Zhang and Li, 1990) . The analytical uncertainty of the isotopic measurements is 0.06‰. The variability between 175 measurements taken in a given month may, however, be larger, so we use the maximum of analytical uncertainty and 176 the within-month standard deviation as the uncertainty in the monthly mean. 
181
We find good agreement between the SimStd simulation and the GMD observations for CH4 ( Fig. 5 ) for 2004.
182
The latitudinal distribution is well-reproduced, and the simulation captures the elevated concentrations of CH4 correlation between SimStd and the observations is 0.93 in January and 0.85 in July. The sensitivity simulations 185 described in Table 2 have little effect on the CH4 distribution, as shown by the overlapping symbols in Fig. 5c ,d.
187
3.2 Sensitivity of d 13 C to Cl
189
We next examine the distribution of d 13 C in SimStd compared to observations. Fig. 6a 
222
We further examine the seasonal cycle of d 13 C in Fig. 10 . We focus on the seasonal cycle at the South Pole 
234
Other factors in addition to the Cl distribution likely contribute to the mismatch between the observed and 235 simulated interhemispheric gradients. Fig. 6 shows the impact of the geologic source on the d 13 C values over northern 236 Asia. A bias in either the strength or the isotopic composition of this source will impact the interhemispheric gradient.
237
Another likely contributing factor is our use of a globally uniform isotopic ratio for each source type. Ganesan et al.
238
(2018) developed a global map of the isotopic signatures of wetland emissions. We conduct a sensitivity study,
239
SimWet, that parallels SimStd but uses these spatially varying isotopic ratios for the wetland emissions. SimWet 240 increases the amplitude of the seasonal cycle in d 13 C-CH4 particularly for northern latitudes sites such as ALT, BRW, 241 and MHD (Supplemental Fig. S3 ). 
249
The role of Cl as a methane sink is a significant uncertainty in the global CH4 budget, particularly with respect to 250 isotopes. The global distribution of Cl is not well known from observations, and the Cl distributions simulated by 251 global models varies widely from model to model. We investigated the sensitivity of the surface d 13 C distribution of 252 CH4 using a series of sensitivity studies with a global 3D model. Given the uncertainties in CH4 sources and their 253 isotopic ratios, it is not possible to conclude from this study which Cl field is best. However, the differences between 254 the simulations provides insight on the strong lever that tropospheric Cl exerts on the d 13 C distribution.
255
Our standard and sensitivity simulations all reproduce well the geographic distribution of and temporal evolution models used in the scientific community leads to large differences in the simulated distribution of the d 13 C of CH4.
258
The CH4 
271
Reducing uncertainty in the fractionating effect of OH would thus improve our ability to constrain the role of Cl.
272
Observations of the d 13 C of CH4 provide an important tool for constraining the CH4 budget. We find that the 273 range of Cl fields available from current global models leads to a wide range of simulated d 13 C values. The choice of
274
Cl field thus strongly impacts what CH4 source mixture best fits d 13 C observations. Better quantification of the role 275 of Cl in the methane budget is therefore critical for interpreting the d 13 C observations to their fullest potential.
277
Data Availability
278
The methane and d 13 CH4 observations are available from the NOAA GMD website: 
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